The model of blob-filament propagation in the scrape-off-layer (SOL) of a tokamak is extended to include objects which carry a large net uni-directional current parallel to the magnetic field. Under experimentally realistic conditions, the blobfilament structure and propagation is influenced by magnetostatic forces. Some aspects of the model may be relevant to the SOL propagation of edge localized modes (ELMs).
I. Introduction
Previous work by several authors has examined the theoretical properties of density (pressure) "blob" filaments. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The dynamics of these coherent structures, created by edge turbulence, is governed in part by dipole and higher-order parallel currents, || J . This "dipole" structure arises in the cross-section of the blob-filament in a plane perpendicular to the magnetic field, and is the result of charge separation by curvature and grad-B drift effects. In this paper, the model is extended by considering blob-filaments which also carry net (uni-directional, e.g. "monopole") parallel current, || J . The net current in the filament arises from the outward radial transport of parallel current carried by the tokamak during an edge localized mode (ELM) ejection event.
The notion that current density, as well as particles and energy are lost from the main plasma in an ELM event has been proposed previously 12 and found to be consistent with experimental observations of strike-point jumps. Furthermore, direct observations of current carrying ELM filaments have been made in experiments conducted on the MegAmp Spherical Tokamak (MAST). 13 In the following, for brevity, the current carrying filamentary blobs will be referred to as ELMs, although the present model is not claimed to be a complete ELM model. In particular, this work emphasizes physics that is complementary to, but compatible with, the Alfvén wave dynamics of high beta blobs considered previously. 4, 6 The basic idea is that ELM pedestal instabilities are driven by a combination of edge current and pressure gradients. 14 Nonlinear saturation of these instabilities attempts to reduce the drives by removing filaments of plasma pressure and current, which propagate outward. Thus, it is postulated that each ELM filament carries with it the density, temperature, and parallel current 12, 13 of the creation (instability) zone. This current can interact with other currents through the J × B force and thereby influence the dynamics.
The elementary result for the force per unit length between two long, parallel current carrying filaments is
where I 1 and I 2 are the currents in the filaments and d is their perpendicular separation.
Using an ELM-filament current illustrative of the MAST results 13 
II. Model equations
A simple model for current carrying ELM filaments result from the observation that in a sufficiently collisional scrape-off-layer (SOL) the parallel current convects with the density and temperature of the ELM. Considering time scales shorter that the time scale for parallel loss of the particles and energy in the filament, the ELM temperature T will be substantially larger than that of any surrounding background plasma. Thus the higher parallel electrical conductivity will confine the current to the location of the filament. We consider the lowest order || E = E 0 to be a spatially constant induction field, so that the spatial variation of (the lowest order)
is determined by T through the resistivity η || ~ T −3/2 . For simplicity in the following we take T = T(n) and therefore, the uni-directional component of the ELM current satisfies
If we can show that ELM-filament density and temperature convect across the SOL, then the preceding argument establishes (in an appropriate limit discussed subsequently) that the filamentary current will also be confined to, and convect with, the ELM.
The dynamics of these current-carrying ELM filaments can be studied in the 
where
. Other notations have their usual meaning. In particular, n is the density, m i is the ion mass, Φ is the electrostatic potential, B is the magnetic field, b = B/B, κ ~ 1/R is the curvature, and p = nT is the electron pressure. For simplicity, to illustrate the basic idea, a cold ion model is considered, although retention of warm ion effects on the pressure, ion diamagnetic flows, and viscosity tensor would be more realistic.
To obtain a model set of dynamical equations for ELM-filament motion in the plane perpendicular to B, it is necessary to derive a "closure" relation for the parallel current term in Eq. (3), relating it to dynamical quantities in the plane. For the well- For these odd-parity dipole parallel currents, the two-dimensional (2D) dynamics are well represented by integrating the vorticity equation along z, and retaining the sheath current term from the endpoint contributions. 2 More generally, an operator L(Φ) ≡
can be defined to describe the closure appropriate to a given set of boundary conditions along the field line. For example, in the sheath-
is the floating potential. Also relevant to high-beta ELMs is closure by Alfvén wave emission along the magnetic field [4] [5] [6] 15 where bending of the field lines occurs due to the dipole current. The point of the present paper is to include the effects on the 2D dynamics of an additional uni-directional (e.g. monopole) current [see Fig 1b) ] carried by the ELM filament. In order to assess the magneto-static forces arising from this ELM current, it is crucial to distinguish between the equilibrium background field B, and self-consistent (ELM generated) fields. A slab model is considered where the equilibrium field is straight, e z = B/B is the unit vector along the equilibrium magnetic field, and the notation || refers to the total magnetic field
where the self-generated magnetic field due to the ELM current z J is described by z A . The field-line averaging of the vorticity equation proceeds by employing
where, in Eq. (5), v a is the Alfvén velocity, and the non-essential but usual Boussinesque approximation has been made for the vorticity advection term on the left. Here κ now refers to an appropriate field-line-averaged curvature.
From the derivation and discussion, it should be clear that the descriptive terms "monopole" and "dipole" are used somewhat loosely in this paper to indicate the sign and character of current flow (net vs. cancelling). They describe the lowest order multipole contributions to the current that contribute to the physics of magnetostatic forcing and charge-separation-induced convection, respectively, in the 2D plane. The model itself applies to any function ) y , x ( J z that is constant along z; and the usual closure relations assume only that ) y , x ( J z is odd in z.
The model equations neglect dipole-current contributions to the magnetostatic force, e.g. where q edge is the usual safety factor and q b = δ b B/RB θb , i.e. the local rotational transform due to the ELM current is the same order as that due to background field.
In general, Eq. (2) should be replaced by a more complete Ohm's law
where ∆Φ is any net floating potential difference along the field-line segment, e.g. plate- 
where an "internal" blob (ELM) beta has been defined as 
Comparing Eqs. (10) and (12) shows that magnetostatic forces will dominate the curvature-induced forces on an ELM when β bi d < 2R. For the parameters given earlier, we estimate β bi ~ 5 -10 (depending on whether we include the ion pressure which is technically zero in the rudimentary model equations).
III. Magnetostatic force effects on ELM-filament dynamics
The effect of the magnetostatic force term on ELM dynamics is considered next.
For an isolated cylindrically-symmetric current filament we have z J = z J (r), z A = z A (r) (where r = 0 is the filament's center) and the force vanishes, 0 A J
This leads to the first important conclusion: an isolated current carrying ELM filament experiences the same curvature-driven outward radial convection as its current-free blob counterpart. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] This convection velocity is estimated as v x ~ cΦ/(δ b B) where, from Eq.
(5), Φ is obtained by balancing the curvature term with the dominant term on the lefthand-side. For the sheath-connected limit, this yields the familiar 1,2 result
. Indeed the observed radial convection velocity of ELMs is roughly consistent with blob-based estimates. [16] [17] [18] More generally, the magnetostatic term will act on structures with asymmetric current, and will cause two ELMs (which have the same direction of current filaments) to be attracted, and possibly merge. This is just the result of the current pinch: the attractive force will tend to symmetrize any localized structure in the 2D plane, evolving it to a cylindrically symmetric filament. As the symmetrization progresses, the bulk (e.g. center of mass) motion of the ELM is expected to convect roughly at the rate derived in the preceding for the cylindrically symmetric case.
The attractive current-pinch force will also mitigate the blob bifurcation and fingering instabilities that occur in the electrostatic case. 19, 20 Additional calculations, not reported on in detail here, show that the stability problem for an isolated circularlysymmetric 2D ELM is closely related to the classical rippling mode calculations. 21 Thus the stability of an isolated ELM in the 2D model is enhanced over its current-free blob counterpart due to the magnetostatic current pinch, which will tend to circularize the object in the 2D plane, enhancing its coherency as it propagates.
Consequently, as alluded to following Eq. (8), the validity of neglecting d/dt in the ELM frame should also be enhanced relative to the electrostatic blob case.
The interaction of an ELM filament with the edge plasma and wall, is also an interesting aspect of the model. Consider first the formation of an ELM. The postulate, (see the Introduction) is that during an ELM event current density, as well as particles and energy, are lost from the main plasma, i.e. each ELM filament carries with it the density, temperature, and parallel current of the creation (peeling-ballooning instability) zone. A "force-free" z J -carrying ELM filament does not interact with the equilibrium magnetic field B = Be z . But, because the total current carried by the torus is conserved on short time scales, the ejected ELM-filament must leave behind a "current-hole" in the creation zone, i.e. a region depleted of current just as it is depleted of pressure (see Fig. 2 inset). This region of depleted current can be modeled heuristically as the original equilibrium plus an oppositely signed localized current filament.
Consider the current filament-hole pair in the left part of Fig. 2 . As long as the current-hole exists, it will exert a repulsive force on the ELM (because the hole and ELM have oppositely-directed z J currents), thus the ELM will be accelerated into the SOL.
[This magnetostatic current repulsion is clearly a different mechanism than that which gives rise to "explosive" pressure-gradient-driven ballooning 23 although the result on the emerging ELM is qualitatively similar.] After a characteristic healing time for the main plasma (e.g. due to turbulence and parallel flows of particles and current which act to restore pressure and current to flux functions), the magnetostatic force on the ejected ELM will again vanish (as in the isolated ELM case discussed previously) since the interaction of the main tokamak magnetic field with a purely parallel current is forcefree. However, the curvature-induced radial convection remains. 
IV. Conclusion
In conclusion, a model for 2D ELM dynamics that includes net uni-directional current flow along the filament, appears to be both feasible and interesting. The model suggests that an ELM will be accelerated away from the plasma, near the edge, (due to interaction with its hole pair) then (after the hole heals) drift with a constant E×B drift in the curvature-dominated zone for isolated ELM filaments, and finally decelerate close to the wall, assuming it maintains its parallel current z J and temperature T as it convects.
More realistically, some z J and T convected by the ELM could be lost to sheaths by the time the ELM reaches the wall, mitigating the image current deceleration effect in some 
